STUDY QUESTION: Are anti-Müllerian hormone (AMH) levels assessed in women aged 32-44 associated with risk of incident early natural menopause?
Introduction
The prevalence of early natural menopause in Western populations is high, with up to 10% of women experiencing the cessation of ovarian function before the age of 45. As women increasingly delay childbearing into their older reproductive years, the consequence of early menopause for fertility and family planning are substantial (Broekmans et al., 2009) , as once fertility has begun to decline, options for fertility preservation are limited (Panay and Fenton, 2008) . Furthermore, the hormonal changes associated with the early cessation of ovarian function may increase risk of cardiovascular disease, osteoporosis, cognitive decline and other chronic diseases (Shuster et al., 2010; Bleil et al., 2013; Muka et al., 2016) . The ability to predict early menopause before the onset of decline in fertility would allow women to make more informed decisions on the timing of childbearing and to consider options for treatment.
Anti-Müllerian hormone (AMH), a glycoprotein produced by granulosa cells of primary follicles (Visser et al., 2012) , has been established as a marker of time to menopause in older reproductive-aged women. AMH levels are strongly correlated with the size of the antral follicle pool, at least in older premenopausal women (van Rooij et al., 2005; Ledger, 2010; Rosen et al., 2012; Steiner, 2013) and population-based studies have consistently found AMH level to be a better predictor of time to menopause than age and other reproductive hormones (Sowers et al., 2008; van Disseldorp et al., 2008; Tehrani et al., 2009 Tehrani et al., , 2011 Broer et al., 2011; Dólleman et al., 2013; Freeman et al., 2012a Freeman et al., , 2012b Depmann et al., 2016) . However, to our knowledge, whether AMH could be clinically relevant as a marker of risk of early menopause has not been evaluated, as few population-based studies conducted to date have had sufficient numbers of women experiencing early natural menopause to assess this relation. Whether AMH may be a marker of early menopause in healthy, symptom-free women across a range of premenopausal ages remains unknown (Depmann et al., 2016) .
We have evaluated prospectively whether AMH levels are associated with risk of early menopause among a subset of participants in the Nurses' Health Study II (NHS2).
Materials and Methods

Study population
The NHS2 is a prospective study of 116,429 US female registered nurses who responded to a mailed questionnaire in 1989. Participants were 25-42 years old at baseline and provided information on the medical history and health-related behaviors such as oral contraceptives, menstrual and pregnancy history, and smoking status. Cohort members have completed questionnaires every two years to update information on risk factors and to identify new diagnoses of disease, with a cumulative response rate of 94%. The study protocol was approved by the Institutional Review Board at Brigham and Women's Hospital.
NHS2 blood cohort
Between 1996 and 1999, members of the NHS2 who had not been diagnosed with cancer were invited to provide self-collected blood samples. Women who were premenopausal, not using menopausal hormone therapy (HT), oral contraceptives (OCs) or other hormones, and who had not been pregnant in the past 6 months were asked to collect two timed blood samples during the same menstrual cycle. These included a follicular phase sample (Day 3-5) and a luteal phase sample (7-9 days before the anticipated start date of next menses). Women with irregular cycles were asked to collect their luteal phase samples 22 days after last menses. Premenopausal women unwilling to collect timed samples or those currently using HT or OCs were asked to provide a single untimed sample. The actual start date of next menses was then confirmed by postcard, allowing us to confirm cycle phase. Upon receipt, samples were centrifuged, separated into blood components, and archived at -130°C or colder in continuously monitored liquid nitrogen freezers. Participants providing a blood sample did not differ from the main NHS2 cohort in terms of mean BMI (26 versus 26 kg/m 2 ) and parity (1.9 versus 1.9 children), proportion ever smoking (34% versus 36%) and ever using OCs (86% versus 88%), and other factors (Tworoger et al., 2006) . Samples were received from 29,611 women, of whom~23,000 were premenopausal. For our prospective analysis of early menopause, participation was limited to premenopausal women providing blood samples before age 45 (~15,000; median age~42 yrs).
Assessment of menopause timing
Beginning in 1989, NHS members were asked if their menstrual periods had ceased permanently, with response options of: (1) No, premenopausal; (2) Yes, no menstrual periods; (3) Yes, had menopause but now have periods induced by hormones; and (4) Not sure (e.g. started hormones prior to cessation of periods). Women reporting that their periods had stopped were then asked: (1) at what age did your periods cease (open response) and (2) for what reason did your periods cease, with response options of surgery, radiation or chemotherapy, or natural. All women were then asked about use of menopausal HT including their timing and the type used. These questions have been reported on each biennial questionnaire.
A small number of women reported being postmenopausal on one questionnaire and then subsequently reported being premenopausal. For these women, we defined age at menopause as age after which periods were absent for 12 months or more, and then confirmed that this status persisted for at least three consecutive questionnaires.
Incident case identification and control selection
We first excluded women with diagnoses of cardiovascular disease or cancer (other than non-melanoma skin cancer) before blood collection. From among women who were premenopausal at the time of blood collection, we identified incident cases of early menopause as women who reported natural menopause between the date of receipt of their blood sample and age 45, through the end of follow-up in June, 2011 (n = 327). We then defined two sets of controls. First, cases were matched 1:1 with control women who were: (1) premenopausal at the time of blood collection; (2) reported menopause ≥ age 47; and (3) did not report hysterectomy or oophorectomy before age 47 (n = 327 controls). Because AMH levels are strongly correlated with age, cases and controls were matched by age at the time of blood collection (±4 months), as well as by fasting status, time of day, season of blood collection, and sample type (luteal phase or random timing). Secondly, to maximize the generalizability of our sample, we selected additional controls who experienced menopause ≥ age 45, preferentially selecting women with natural menopause at ages 45 and 46 to ensure that the control group included women on the earlier end of the normal range of menopause age (n = 164), for a total of 491 controls (see Supplementary Fig. S1 ).
AMH measurement
AMH was measured at Children's Hospital, Boston Massachusetts, by an ultra-sensitive ELISA assay from ANSH Labs (picoAMH; Webster, TX, USA). The assay employs the quantitative sandwich enzyme immunoassay technique. The day-to-day variabilities of the assay at concentrations of 0.023, 0.087 and 0.373 ng/ml are 5.8%, 3.2% and 4.3%, respectively. The coefficient of variation from samples from a blinded plasma pool assayed alongside our analytic samples was 8.6%.
Covariate assessment
At the time of blood collection, women provided information on current weight, menstrual cycle regularity and change in cycle characteristics as compared to when they were in their 20s, exogenous hormone use, physical activity participation, alcohol use, smoking status, and medication use. Information on demographic and other behavioral factors was obtained from NHS2 biennial questionnaires. At baseline (1989), women provided information on race, ethnicity, height, age at menarche, and the number of years until their menstrual cycles became regular after menarche. Smoking status, number of cigarettes smoked per day, pregnancy history, and OC use were measured every 2 years. Cumulative breast feeding history was measured in 1993 and 1997 from all cohort members, and in 2003 from women reporting pregnancies after 1997. For all time varying factors, we used covariate data measured closest in time to each individual's date of blood collection (1995, 1997 or 1999) .
Statistical analysis
We compared characteristics of cases and controls at the time of blood collection using age-adjusted generalized linear models. We compared AMH levels (ng/ml) in cases (n = 327) and all controls (n = 491) graphically, plotting geometric mean and 95% confidence intervals by age at blood collection. We then compared AMH levels in 327 cases and 327 matched controls using conditional logistic regression, estimating odds ratios (OR) and 95% confidence intervals (CI). AMH levels were evaluated both continuously and as quartiles. Because initial results suggested non-linear relations of AMH levels with early menopause risk, we additionally used polynomial regression models including AMH levels with both linear and quadratic terms (i.e. AMH and AMH 2 ). Because of the low incidence of early menopause, ORs were approximations of relative risk. In addition to minimally adjusted models (i.e. adjusted only for matching factors), we built two sets of multivariable (MV) models. MV1 included demographic and behavioral factors (race/ethnicity, smoking, BMI, physical activity and alcohol use). MV2 further adjusted for reproductive factors (age at menarche, number of years until cycles became regular, parity, breast feeding, duration of OC use, and exogenous hormone use). No covariate met statistical criteria for confounding, as the inclusion of each factor individually and all factors simultaneously did not alter the regression coefficient for the AMH-early menopause association by > 5%.
We then evaluated whether the relation of AMH levels and early menopause risk varied by BMI, smoking status, menstrual cycle characteristics, and infertility history. To maximize our power for these comparisons, we used unconditional logistic regression and included all controls (n = 491), adjusting for matching factors as well as other covariates. Effect modification was assessed with likelihood ratio tests comparing nested models with and without multiplicative interaction terms.
To evaluate the robustness of associations, we conducted sensitivity analyses excluding women with untimed blood samples (n = 73 cases and 107 controls excluded), women reporting exogenous hormone use at the time of blood collection (n = 13 cases and 11 controls excluded) and women reporting a clinician-made diagnosis of PCOS during follow-up (n = 27 cases and 26 controls excluded).
Finally, we assessed the predictive ability of AMH levels for incidence of early menopause using receiver operator characteristic (ROC) curve analysis (Pepe et al., 2008) . Because of the strong relations between age and AMH, these analyses were performed stratifying by age at blood collection. Strata for ages 33 and 34 were not included due to small sample sizes and impact on precision. Predictive ability was evaluated using area under the curve (AUC). All hypothesis tests were two-sided, with alpha set at 0.05. Statistical analyses were conducted with SAS version 9 (Cary, NC).
Results
Characteristics comparing early menopause cases (n = 327) with matched controls (n = 327) and all controls (i.e. matched + unmatched; n = 491) are shown in Table I . For both comparisons, cases were similar to controls in terms of mean age, BMI, age at menarche, parity, OC use and physical activity. Cases reported shorter mean interval between menarche and onset of menstrual cycle regularity and shorter duration of breast feeding than controls. Cases and controls differed significantly by race, ethnicity, smoking status and pack years of smoking. Cases were more likely to report a history of infertility and current exogenous hormone use than matched controls.
The mean AMH level was significantly lower in cases (0.40 ng/ml) than matched controls (1.9 ng/ml; P < 0.001) and all controls (1.7 ng/ ml; P < 0.001). As shown in Fig. 1 , geometric mean AMH levels were consistently lower in cases than controls at all ages.
In conditional logistic regression models, we observed a strong and significant association of decreasing AMH levels and risk of early menopause (Table II) . In minimally adjusted models, each 0.10 ng/ml lower AMH was associated with a 14% higher risk of early menopause (OR = 1.14; 95% CI = 1.10-1.17; P < 0.001). Results from models adjusted for demographic and behavioral factors (MV1) and additionally for reproductive factors (MV2) were very similar. The inclusion of a quadratic term (AMH 2 ) significantly improved model fit compared to the model with a continuous term alone, consistent with a curvilinear relation (Table II) . Results from polynomial models show estimates for coefficients and standard errors for both the linear and squared AMH terms, as well as model-based OR for early menopause for a range of AMH values. In MV2, compared to an AMH level of 2.0 ng/ml, the calculated ORs for early menopause associated with AMH levels of 1.5, 1.0 and 0.5 ng/ml were 2.6, 7.5 and 23, respectively.
In analyses stratified by participant characteristics at blood draw, lower AMH levels were significantly associated with early menopause risk in all subgroups (Table III) , though we observed evidence of effect measure modification. Associations were slightly stronger for women reporting changes in menstrual cycle regularity since their 20s (OR for 1.0 versus 2.0 ng/ml = 7.3) than for women reporting no change (OR = 6.3; P interaction <0.001). ORs were higher for ever-smokers (OR for 1.0 versus 2.0 ng/ml = 12) than for never-smokers (OR = 5.2; P interaction = 0.006). Results were also stronger among women with BMI ≥25 versus <25 kg/m 2 (P interaction = 0.004), and varied somewhat by history of infertility (P = 0.002).
Results from sensitivity analyses excluding the small number of women using exogenous hormones, women not reporting PCOS, and women with untimed blood samples were all highly consistent with the main analysis (results not shown).
In assessment of predictive ability using ROC curve analyses stratified by age at AMH measurement, the AUCs ranged from 0.68 for women age 35 to 0.93 for women aged 42 (Table IV) .
Discussion
To our knowledge, this is the first prospective study to evaluate whether lower AMH levels are associated with risk of early menopause among healthy women. In analyses adjusting for age, parity, infertility and other factors, we observed strong, significant associations between lower AMH levels and higher risk of natural menopause prior to age 45. Significant associations of AMH and early menopause risk were observed in various subgroups of women, including women with and without a history of infertility, smokers and non-smokers. Among women whose cycles ever became regular (n = 757). c Limited to ever smokers. Furthermore, AMH was strongly related to risk both among women reporting menstrual cycle irregularity and among those reporting regular cycles.
Previous studies of AMH and menopause timing have been unable to address whether AMH is related to risk of early menopause due to small sample sizes, older participant age at baseline AMH measurement, and the relatively low prevalence of early menopause (Depmann et al., 2016) . For example, Depmann and colleagues (2016) evaluated AMH and age at menopause among 216 normally cycling women, with mean age 41.6 years at baseline. Over an average of 14.8 years, 81 women reached menopause, 31 were in transition and 43 maintained regular cycles. Results demonstrated that, beginning at the age of 45, AMH levels significantly predicted menopause onset independent of age. Though this finding was consistent with previous studies, the authors note that their results and those from all other analyses conducted to date (Dólleman et al., 2013; Sowers et al., 2008; Broer et al., 2011; Tehrani et al., 2011; Freeman et al., 2012a Freeman et al., , 2012b , underscore that AMH currently has 'limited potential for the prediction of the extreme ages at menopause' (p. 1585). Furthermore, because prior studies have been unable to evaluate whether AMH predicts risk of early menopause, Depmann and colleagues concluded that there 'is currently no ground for AMH-based menopause prediction in the day-to-day clinical practice ' (p. 1585) . Results from our study directly fill this substantial gap in knowledge regarding AMH's clinical utility to predict early menopause. Depmann et al. (2016) demonstrated that AMH levels were most strongly predictive of menopause timing among women aged 20-43 with regular cycles, suggesting that AMH may have more limited utility among women with irregular cycles and other potential markers of declining fertility. In our study, associations of AMH levels and early menopause varied modestly by participant characteristics but were consistently strong and significant regardless of age-related changes in cycle characteristics, infertility history, smoking status and body weight. The persistence of associations across strata further supports the utility of AMH to predict early menopause among healthy women as well as women with other indicators of early fertility decline and higher cardiovascular risk.
Our study has several limitations warranting consideration. Though premenopausal, participants in our analyses were already aged 35-44 years at the time of blood collection. Thus, we were unable to evaluate whether AMH levels in even younger reproductive aged women are associated with early menopause. Similarly, in the NHS2 blood cohort, very few women provided a blood sample and then reported menopause before age 40 (n = 16 cases); our statistical power was thus too low to evaluate risk of premature ovarian insufficiency. Additional prospective studies of young adult women will be necessary to answer these important questions.
Our participants self-reported onset of menopause, which may be a source of misclassification. We attempted to limit the potential impact in several ways. First, at the time of blood collection, all participants provided information on menstrual cycle characteristics and confirmed that AMH (per 0.10 ng/ml lower) 1.14 (1.10-1.17) 1.13 (1.10-1.17) 1.14 (1.10-1.18)
Coefficient ( ; physical activity at blood collection (<1, 1, 2-3, ≥4 times per week); and alcohol use at blood collection (none; <1, 1, >1 drink per day). c MV2: additionally adjusted for age at menarche (≤11, 12, 13, 14, ≥15 years); years until cycles became regular (<1, 1-2, 3-4, ≥5, never); parity (0, 1-2, 3-4, ≥5 full-term pregnancies); duration of exclusive breast feeding (continuous); infertility history (yes, no); duration of oral contraceptive use as of blood collection (none, 1-23, 24-71, 72-119, ≥120 months); exogenous hormone use at blood collection (yes, no). OR and 95% CI for early menopause comparing range of AMH values to the referent of 2.0 ng/ml, based on coefficient estimates for AMH + AMH*AMH. f P < 0.01. they were premenopausal. Second, menopause status was queried prospectively every 2 years between blood collection and the end of followup in 2011. This method for assessing menopause timing has been wellvalidated in a similar prospective study of US nurses (Colditz et al., 1987) Third, in our main analyses, cases were compared to matched controls with menopause at age 47 or later to limit the potential misclassification of cases as controls or vice-versa. As results comparing cases with matched controls were highly similar to those with all controls, potential misclassification of cases as controls appears to have had minimal effects on ORs. Because AMH levels were measured in blood samples collected prior to assessment of menopause timing in our prospective study, we would expect any misclassification of menopause age to attenuate study results rather than exaggerate them.
In summary, we observed strong inverse associations of AMH levels and risk of early natural menopause in our prospective study. Our findings support the utility of AMH as a clinical marker of early menopause risk among healthy women both with and without established risk factors for early reproductive decline.
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